Multicell cooperation has been identified as one of the underlying principles for future wireless communication systems. This paper studies the benefits of multicell cooperation in broadcast TV network from an information theoretical perspective. We define outage capacity as the figure of merit and derive the broadcast coverage area to evaluate such system. Specifically, we calculate the broadcast coverage area with given common information rate and outage probabilities when multiple base stations collaboratively transmit the broadcast signals. For the general MIMO case where receivers have multiple antennas, we provide simulation results to illustrate the expanded coverage area. In all cases, our results show that the coverage of a TV broadcast network can be significantly improved by multicell cooperation.
Introduction
The wireless industry is experiencing an unprecedented increase in demand for better multimedia broadcasting systems. The growing diffusion of new services, like HDTV broadcasting and mobile television, emphasize the need of advanced transmission techniques that can fundamentally increase the system performance over the conventional broadcast network. Cooperative transmission is a key technology that has been identified to fulfill this demand.
Most of the studies on cooperative transmission so far focus on reducing intercell interference and increasing system capacity in two-way (uplink/downlike) cellular systems, where cooperation can be employed at either the base station (BS) or mobile station (MS). Multicell cooperation (MCC), sometimes also referred to as multicell processing or distributed antenna system, prescribes joint encoding/decoding of the signals transmitted/received at the BSs through the exploitation of the high-capacity backbone connecting the BSs. A survey on MCC can be found in [1] [2] [3] [4] . Assume all the BSs in the network are connected to a central processor via links of unlimited capacity, the set of BSs effectively acts as a geographically distributed multiantenna system. Under this perfect MCC assumption, [5] investigated multicell downlink channel capacity with single-class network where the users are clustered at the cell edges. The analytical performance expression for dirty paper coding (DPC), cophasing, zero forcing (ZF), and MMSE precoders are derived in this paper. Recently [6] studied the capacity of a cellular system with a large number of BSs and MSs. The evaluation is based on an accurate modeling of the multicell deployment, different level of cooperation among BSs, and practical per-antenna transmit power constraint of a BS transmit antenna. The performance upper and lower bounds are also derive for different cooperation scenarios. On the other hand, the impact of limited-capacity backhaul on MCC (i.e., partial cooperation) has also been studied in the literature [7] [8] [9] [10] [11] [12] [13] [14] . In [7] , the authors studied achievable rates of a multicell network under the assumption that BS and MS cooperation are enabled by error-free but limitedcapacity interbase station and interuser links, respectively. The analytical treatment enhances the insight into the potential and the limitations imposed by capacity constraints on the performance gains provided by cooperative techniques. Some recent results on intercell interference coordination through limited feedback can also be found in [14] .
While there are many existing work showing the benefits of MCC in cellular networks, few studies can be found in the literature on cooperative broadcast network. Compared 2 International Journal of Digital Multimedia Broadcasting with the cellular (i.e., voice and data) network, there are some fundamental differences in broadcast (i.e, TV) network.
(i) Communication is only one-way from base station to subscriber stations (SS); there is no reverse link available. Therefore, the channel state information (CSI) is not available at the transmitter. In cellular network, reverse link is available and the BS can have perfect or partial CSI.
(ii) BS sends the same common information to all the subscribers. In cellular network, BS sends different individual information to each subscriber.
(iii) SSs (TV receivers) can only receive but not transmit signals. Therefore, there is no possibility of cooperation (information exchange) among SSs. In cellular network, MSs (smart phones, laptops) can transmit signals and thus cooperation is possible among MSs.
Unlike the two-way cellular network, the concern of broadcast TV network is usually not the throughput. Rather, the design objective of such network is to maximize the broadcast coverage, with a predetermined transmission rate. It has been expected that MCC can extend the broadcast coverage area, forming an extended ellipse coverage beyond the superposition of individual cells [15] . However, to the best knowledge of the author of this article, there are no quantitative studies in the literature on how much the broadcast coverage can be extended by MCC. In this paper, we consider full MCC in broadcast network with cooperation among some small number of neighboring base stations. Specifically, we define the figure-of-merit of MCC in broadcast from an information theoretical perspective. Then we quantify the extended coverage areas under different MCC scenarios and derive the coverage gains over single-cell independent transmission. We also investigate the broadcast coverage with optimal base station separation. This paper is an extension of our earlier work [16] , where we calculated the broadcast coverage in a broadcast and unicast hybrid network with three collaborating cells.
The paper is organized as the following. In Section 2, we define the performance metric and present the broadcast channel model. We then analyze and compute the broadcast coverage with MCC for single/multiple receiving antenna(s) in Section 3. Finally, a conclusion is drawn in Section 4.
To facilitate our discussion, we use the following notation conventions throughout this paper: 
System Model
In wireless community, the term broadcast has been used for both TV broadcast and cellular downlink system. To avoid ambiguity, we define broadcast network as the delivery of common information from the base station or TV tower to silent users in multicast applications. As we discussed in Section 1, there is no reverse link and thus CSI is not available at the transmitter. In order to quantify the performance of a broadcast system, we must first define the performance metric. In information theory, there are two channel capacity definitions that are relevant to the system design for a broadcast channel with an uninformed transmitter: the ergodic capacity (also called the Shannon capacity) and the outage capacity [17] . The ergodic capacity defines the maximum data rate that can be sent to the receiver with asymptotically small error probability through all the fading states. In most cases, TV receivers at fixed locations experience slow fading and the choose of ergodic capacity will incur intolerant decoding delays. On the other hand, the outage capacity defines the maximum data rate that can be transmitted with certain outage probability that the received data can not be decoded with negligible error probability. If the received SNR is above the threshold corresponding to the outage probability, the transmitted data can be decoded with negligible probability of error; otherwise, the transmission is in outage. By allowing some outage, the broadcast receiver can decode the message during each fading state and thus meet the delay requirement. In this paper, we use the more practical outage capacity as the figure of merit for evaluating the broadcast network.
In general, since broadcast receivers are geographically distributed over a large area, they decode the received signals with different outage probabilities depending on the fading statistics. Within a given coverage area A, We define the outage probability q(W A ) as the outage probability (package loss rate) associated with the worst broadcast receiver W in this area. Note that the worst receiver W always experiences the highest outage in A. Literally, there are three interchangeable ways to optimize the broadcast performance.
( Note that the above three problems are equivalent in optimizing the common information transmission from BS to receiver W A . In other words, we only need to focus on the performance of the worst receiver in the covered area. In practical TV broadcast networks, r o and q o are usually prefixed and thus our objective is to maximize broadcast coverage area with given quality of service (outage) requirement.
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In conventional TV broadcasting, the terrestrial television stations are usually high power tall towers that cover a large area and the TV receivers are at fixed locations. With the increasing demand of mobile TV, many wireless carriers are offering TV services over their cellular base stations to mobile subscribers with smart phones or PDAs. In U.S., wireless carriers (Verizon, AT&T mobility and etc.) are using MediaFlo (forward link only) technology to deliver mobile TV service. In this paper, we are not limited to a particular broadcast network or technique, rather, we study the broadcast coverage from an information theory point of view. To ease our discussion, we simply use the term "base station" to refer any broadcast transmitter (radio mast, tower or cellular base station). In traditional broadcast network, base stations are operated independently. In this paper, we investigate the scenario where multiple base stations can collaborate with each other to transmit the common information.
To calculate the broadcast coverage, we have to assume the channel fading statistics. The same channel model in [16] is used. For free space propagation loss, Hata model is the most common model for signal prediction in large urban macro-cells. This model is applicable over distances of 1-100 km and frequency ranges of 150-1500 MHz. The standard formula for empirical path loss in urban areas under the Hata model is 
where f c is the carrier frequency, h t /h r is the transmitter/receiver antenna height and d is the distance between transmitter and receiver. For larger cities at frequencies f c > 300 MHz, the correction factor a(h r ) is given by a(h r ) = 3.2 log 10 (11.75h r ) 2 − 4.97 dB.
For small scale fading, we assume Rayleigh flat fading, that is, the envelope of the complex channel gain for each spatial channel has the following distribution:
where E[|h| 2 ] = 2σ 2 is determined by path loss in (1) . Note that in a real urban environment with many highrise buildings, the actual channel statistics is much more complicated. A combined path loss and shadowing model is needed to calculate an outage of a particular receiver. However, this fading statistics will highly depends on the actual urban terrain and structure and varies from city to city. Assume a flat open area, our simplified channel model can give enough insights on the benefit of MCC. We also assume slow flat fading throughout the paper.
Broadcast Coverage
In a single cell broadcast network with a fixed broadcast rate r o , the information theoretical outage probability associated with receiver k is given by [17] 
In continuous frequency-selective case, the outage probability q o (k) becomes Prob h k :
In multicarrier/OFDM system where the channel is block frequency-selective, (5) becomes
Obviously, the coverage area A determined by Equation (1)- (4) is a circle for any given outage requirement. Without loss of generality, we choose r o = 515 Kbps and P = 1 watt such that the radius d 0 = 1 km is the benchmark distance with q o (d 0 ) = 5%. Figure 1 shows the broadcast coverage area with different outage probabilities, where the solid black curve (5% outage) is our benchmark. We see that the coverage increases with q o as expected.
Next, we will discuss the coverage expansion by multicell cooperation. (N r = 1) . We assume multiple base stations are wire connected through highcapacity backbone network and thus can fully collaborate with each other. In this case, each base station can be viewed as a transmitting antenna of a distributed multiple input single output (MISO) system. Also, because the distances among base stations are on the order of kilometers, spatial channels from different base stations are considered mutually independent. Let x = [x(1), x(2), . . . , x(N t )] H be the transmitted input vector, the outage probability associated with receiver k is given by [17] 
MCC with Single Receiver Antenna
where 
Remark 1.
In practice, each base station is subject to its own power constraint, which is dictated by the amplifier of the transmitting antenna. In this paper, we adopt this individual BS power constraint. However, for fair comparison of broadcast coverage between single cell and multicell cases, we put a total power cap in multicell transmission, that is, the maximum sum power over all base stations is P.
Because of the nature of the broadcast network, the BSs do not have the channel and location information of the receivers. Therefore, the transmitter cannot optimize its input covariance structure across antennas for every receiving point simultaneously. Assume the zero-mean spatially white (ZMSW) channel model, the optimal power allocation strategy is to allocate equal power to each base station [18] , resulting Q equal to the scaled identity matrix: Q = (P/N t )I. Equation (7) thus becomes
Note that equal power distribution over BSs does not mean all the BSs transmit the same signal. With channel unknown at transmitter, the Alamouti Scheme is a technique to achieve the N t fold diversity gain [17] . From (8), we can see that, given r o and q o , the coverage area depends solely on the distribution of h k 2 . Since the average path loss is simply a function of the distance between base station and a broadcast receiver, we know the worst receiver W A is always on the edge of area A. Therefore, the coverage area can be computed by locating edge users in all directions. To do so, we first need to derive the distribution of h k 2 /N t . In practice, it is unrealistic and unnecessary to do multicell cooperation for a large number of cells [6, 7] . Here we study two practical scenarios where N t = 2 and N t = 3.
Note that X i and X j are i.i.d (i / = j) random variables with chi-square distribution, that is, the distribution of X i is given by
For the case N t = 2, the cdf of Y can be obtained by convoluting (9) as
where σ i is determined by the pass loss from base station i to the receiver.
In the general case with arbitrary N t , the PDF of Y can be obtained as
Equations (10) and (11) can be used to determine the multicell broadcast coverage area. For example, Figure 2 shows the two cell collaborating case, where D is the cell separation distance and (ρ, θ) is the polar coordinates of the receiver. Note that for path loss, σ i is simply a function of the distance between cell i and the receiver. For each direction (0 ≤ θ ≤ 360) from the origin, we calculate a radius ρ (θ) such that the distribution of h 2 /N t at (ρ, θ) satisfies (8) . By locating the coverage edge in all directions, the maximum coverage area can be numerically computed. Figure 1 , the coverage gains with two collaborating cells are 3.5399, 2.0922 and 3.4522 for outage probability 1%, 5% and 10% respectively, where we define the coverage gain as the ratio of MCC coverage over single cell coverage. Similarly, Figure 4 plots the two cell coverage where the distance between two base stations is doubled. Compared to single cell case, the coverage gains are 3.5245, 2.1469 and 3.5033 for outage probability 1%, 5% and 10% respectively. We observe that the two cell coverage gain is not sensitive to cell separation distance.
For N t = 3, Figure 5 shows the broadcast coverage area for both single-cell and multicell transmissions with q o = 5% [16] . The circle in the centre indicates the single cell coverage area. The outer region is the extended coverage area with multicell cooperation, and the three small circles around base stations are the multicell coverage area when they do not collaborate. Compared to the single cell case, the multicell cooperation coverage gain is 315% in this case.
To further find the optimal cell separation, we numerically calculate the coverage area as a function of cell separation distance for different q o s. Assume three collaborating cells are equally separated, Figure 6 shows the total coverage area as a function of BS separation distance [16] . The optimal cell separation is 1.8, 2.4 and 2.8 kms to achieve the maximum coverage area for outage probability 1%, 5% and 10%, respectively.
MCC with Multiple Receiver Antenna (N
When the receiver has multiple antennas, the collaborative multicell broadcast network becomes a distributed MIMO system. While spatial channels are independent among base stations, they are correlated among receiving antennas of each receiver because multiple receiving antennas are closely located. In MIMO broadcast, the outage probability associated with receiver k is given by:
where H k is the channel matrix associated with user k. Plug in Q = (P/N t )I, (12) becomes We thus use simulation to obtain the outage coverage numerically. In our simulation, the spatial channel correlation coefficient between any two receiving antennas is 0.5.
For the case of N r = N t = 2, Figure 7 shows the coverage gain with two base stations located at (d 0 /2, 0) and (−d 0 /2, 0). Compared to SISO broadcast network, the coverage gains are 8.8, 4.84 and 3.71 for outage probability 1%, 5% and 10% respectively. This huge gain is expected because of the added antenna at each receiver.
Similar results in Figure 8 show the coverage gain with base station locations (d 0 , 0) and (−d 0 , 0). The coverage gains in this case are 9.21, 5.13 and 3.95 for outage probability 1%, 5% and 10% respectively. Compared to Figures 7 and 8 yields a better gain due to a larger BS separation. However, the MCC gain will become zero when collaborating BSs are too far away. Therefore, the BSs separation distance should be carefully selected in order to optimize the network coverage. In all cases, we see the distributed MIMO broadcast network provides the maximum coverage.
Conclusion
In this paper, we studied the performance of multicell cooperation in broadcast network. Due to the unique nature of broadcast, we chose outage capacity and the coverage area as the figure of merit. In reality, cooperation is not feasible among a large number of cells. For the cases of two and three collaborating cells, we explicitly derived the distribution of the received power and calculated the broadcast coverage. We also evaluated the effect of base station separation on broadcast coverage gain. The results show that collaborating BSs should not be placed too close or two far way in order to achieve the maximum coverage. For the distributed MIMO case where each receiver has multiple antennas, we provide numerical results to show the expanded coverage area. In all cases, our results show that the coverage area of broadcast network can be significantly increased by multicell cooperation.
